Abstract The characteristics of hydrocarbon-contaminated soils have been among major concerns of geotechnical engineers due to its significant frequency of event and also its influential consequences on our surroundings from various environmental and engineering viewpoints. Heretofore, the effects of diverse kinds of hydrocarbon contaminants on majority of geotechnical properties of fine-and coarse-grained soils such as grain size, hydraulic conductivity, plasticity, compressibility, internal friction, cohesion, and shear strength have been investigated. However, there has not been a concentrated research study examining shear wave velocity (V s ) of hydrocarboncontaminated soils as an important geotechnical property of soil due to this fact that, in small/very small strain levels, the maximum shear modulus of soils (G max ) can be determined using shear wave velocity (G max ¼ qV 2 s ). This paper aims to investigate effects of hydrocarbon contamination on shear wave velocity of sandy soils by comparing shear wave velocities in identically prepared clean and contaminated samples. To this aim, an Iranian light crude oil, a standard type of silica sand (Ottawa sand), and a bender element apparatus were used to minutely measure shear wave velocity of clean and crude oil contaminated sand samples. Moreover, dry and quasimoist tamping methods were employed in order to provide comparable clean and contaminated specimens (containing 4, 6, 8, 10, and 12 wt% of crude oil), respectively. Firstly, a comprehensive bender element (BE) and resonant column tests were conducted on the identically prepared clean sand samples at various amounts of frequency (2-20 kHz) and under various confining pressure (50-500 kPa) to find the best methods of accurately determining shear wave travel time in BE tests. Thereafter, BE tests were conducted to examine shear wave velocity in contaminated specimens. Based on the results, it was found that there was a critical value for crude oil content with the maximum shear wave velocity so that shear wave velocity of 4 wt% contaminated sand (V s-4 wt% ) was about 1.2 times higher than clean one (V s-clean ), and contrastingly adding further crude oil up to 6 wt% made a significant reduction in value of shear wave velocity to some extent that V s-6 wt% was slightly lower than V s-clean (V s-6 wt% = 0.95-0.97V s-clean ). Moreover, adding more contaminant (8-12 wt%) into sand had negligible influences on shear wave velocity. In this paper, the effects of crude oil contamination on sand microstructure were also evaluated using scanning electron microscopy.
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Introduction
Hydrocarbon contamination as one of considerable types of soil contamination has been greatly highlighted so far due to its significant frequency of events and also influential aftereffects on our ecosystem from diverse environmental and engineering aspects (Mirsal 2004) . Besides destructive effects of hydrocarbon contamination on our surrounding environment, the consequences of hydrocarbon contaminants on physical, chemical, and engineering properties of soil have been a serious matter due to remarkable applications of soil in geotechnical applications. To this aim, several research studies have been conducted so far so as to evaluate behavior of hydrocarbon contaminated soil, and various physical and chemical properties of hydrocarbon contaminated soils along with their geotechnical characteristics have been concentrated in the literature. Generally speaking, the natural or artificial presence of several types of hydrocarbon compounds into fine-and coarse-grained soils including heavy/light crude oil (Aiban 1998; Al-Sanad et al. 1995; Cook et al. 1992 ; Kermani and Ebadi 2012; Khamehchiyan et al. 2007; Naeini and Shojaedin 2014; Puri et al. 1994; Shin et al. 1999; Singh et al. 2009; Srivastava and Pandey 1997; Tuncan and Pamukcu 1992) , used motor oil (Evgin and Das 1992; Ijimdiya 2013; Nasr 2013; Nazir 2011; Silvestri et al. 1997; Singh et al. 2009 ), bitumen (Ola 1991) , benzene (Al-Sanad et al. 1995; Al-Sanad and Ismael 1997) , gas oil (Alhassan and Fagge 2013; Khosravi et al. 2013; Nasr 2013) , used engine oil (Akinwumi et al. 2014b; Shin and Das 2001; Siang et al. 2014; Singh et al. 2008) , lamp oil (Shin et al. 2002) , diesel (Pusadkar and Bharambe 2014; Singh et al. 2008; Solly et al. 2015; Walia et al. 2013) , gasoline (Di Matteo et al. 2011; Singh et al. 2008) , and palm biodiesel (Ling and Yong 2013) were considered by the researchers.
Based on a general review on the relevant literature to geotechnical properties of hydrocarbon contaminated soils, it can be totally stated that various physical, chemical, and geotechnical properties of hydrocarbon contaminated soils including particle size distribution (PSD) (Akinwumi et al. 2014a; AlSanad et al. 1995; Ijimdiya 2013; Jia et al. 2010; Nazir 2011; Silvestri et al. 1997; Srivastava and Pandey 1997; Talukdar and Saikia 2013) , plasticity (Alhassan and Fagge 2013; Jia et al. 2010; Kermani and Ebadi Khamehchiyan et al. 2007; Puri 2000; Shin et al. 2002; Siang et al. 2014; Singh et al. 2008; Srivastava and Pandey 1997) , cohesion (Jia et al. 2010; Khamehchiyan et al. 2007; Khosravi et al. 2013; Siang et al. 2014; Singh et al. 2009) , and so on have been examined in the literature. In a general view, it can be concluded according to the previously mentioned literature that hydrocarbon contaminants have ability to greatly alter soil microstructure and PSD specifications. In coarsegrained soil, hydrocarbon-coated particles with bigger sizes can create a new form in soil structure, and change basic physical properties of soil. However, in fine-grained soil, due to increments in soil particle size, dissolution of soluble composite colloids and salts in pore fluid (hydrocarbon), loss of cohesion/contact among soil grains, and so on, substantial changes in soil PSD and microstructure are imaginable so that the number of bigger-sized particles increases and soil structure changes into a flocculated state. As a well-confirmed phenomenon, hydraulic conductivity of hydrocarbon-contaminated soils (both fine-and coarse-grained soils) is obviously lower than that of clean ones as a result of placements of hydrocarbon compounds into soil pores. Regarding compaction behavior of hydrocarbon-contaminated soils, the related literature revealed that almost in most cases hydrocarbons could noticeably reduce the value of OMC; however, there was no unique trend about hydrocarbon-induced changes in MDD to be cited here, and it depended on various factors such as soil properties and hydrocarbon types. As one of the most challenging aspects of hydrocarbon-contaminated soils, it is a burdensome task to draw a clear-cut conclusion about plasticity of contaminated soils due to this fact that there was not a general procedure describing effects of hydrocarbons on Atterberg limits of soils, and this particular property of soils is dependent on a variety of physical and chemical characteristics. Based on the majority of the literature explaining consolidation of hydrocarbon-contaminated soils, it can be said that hydrocarbon contamination can generally increase compression index (C c ) of soil; however, there was no definite trend to be mentioned here about effects of hydrocarbon compounds on over consolidation ratio (OCR) and swelling index (Cr) of soil. In addition, although hydrocarbons can bring about negative influences (diminishing effects) on internal friction angle of sandy soils, an artificial cohesion among particles can be observed in hydrocarbon-contaminated sands.
All in all, to the best of our knowledge, it can be stated at this stage based on the literature review conducted by the authors that there has not been a centralized experimental study focusing on influences of hydrocarbon contamination on shear wave velocity of soils as a substantial geotechnical characteristic in small/very small strain problems such as design of machine foundation, deep excavation examination (Dyvik and Madshus 1986; Viggiani and Atkinson 1995) , and earthquake ground response analysis (Castelli et al. 2016; Cavallaro et al. 2012 Cavallaro et al. , 2013a Grasso and Maugeri 2014; Maugeri and Grasso 2013) . Generally speaking, several experimental apparatus have been introduced/utilized in the literature to determine shear wave velocity of soils including bender elements system, resonant column apparatus, and also torsional shear test (Yamashita et al. 2009 ). It is worth mentioning that bender elements and resonant column tests have been successfully employed separately and/or simultaneously in numerous written scientific works to precisely measure shear wave velocity of soils under various circumstances as a result of their prominent advantages such as nondestructiveness, simplicity, and rapidity as well as their compatibilities in order to be assembled with the other common geotechnical testing equipment (Cai et al. 2015; Gu et al. 2013; Murillo et al. 2011) .
In the present paper, the authors make an effort to experimentally concentrate on influences of a specific hydrocarbon on shear wave velocity of a type of standard silica sand using a bender element system under various conditions. In this regard, an Iranian light crude oil was used as the contaminant, and Ottawa sand was considered as the standard silica sand. In order to provide the possibility of carefully comparing shear wave velocity of clean and contaminated specimens, all testing samples were similarly prepared with identical void ratio.
Materials and Methods

Silica Sand
In this study, a type of standard sand, Ottawa sand, has been used as a basic kind of silica sand. The used Ottawa sand consisted of naturally light yellow particles of almost pure quartz, and was supplied by Amitis Azma Company in Iran. In Fig. 1 , an image of the used sand under an oven-dried clean condition and its SEM images with three different magnifications have been presented (509, 1009, and 2509). The particle size distribution (PSD) curve of the used Ottawa sand has been provided in Fig. 2 along with PSD curves of standard Ottawa sand described in details by (ASTM 2009 ). It can be apparently observed in Fig. 2 that PSD curve of the used Ottawa sand was located between the defined boundaries according to the standard (ASTM 2009), and it can be also confirmed based on the curves that the used sand was appropriately in accordance with the standard ones. Moreover, basic properties of the used Ottawa sand have been listed in Table 1 along with those of the standard ones (ASTM 2009). Precisely speaking, it can be inferred from the table that specific gravity of all sands was identical, and the value of D 10 , D 60 , and D 30 of the used Ottawa sand as well as its coefficient of uniformity (C u ) were between those of the standard ones. However, the coefficient of curvature (C c ) of the used Ottawa sand was slightly higher than those of the standard ones. In addition, chemical composition of the used Ottawa sand (hereafter Ottawa sand) provided by the supplier was listed in Table 2 . Based on the 
Crude Oil
In this research, a type of Iranian light crude oil supplied by West Oil and Gas Production Company (WOGPC) of Iran was used as a hydrocarbon contaminant. In Table 3 , some basic properties of the crude oil have been presented based on the data provided by WOGPC.
Scanning Electron Microscopy (SEM)
In order to profoundly investigate microstructure of crude oil contaminated Ottawa sand samples and to visually compare clean and contaminated specimens, a series of SEM images has been captured by a scanning electron microscopy apparatus (KYKY-EM3200, China). The SEM images were created at 26,000 V with a scale bar of 10 and 100 lm as well as a variety of magnifications (509, 1009, 2509, 1.0k9, and 5.0k9)
Test Equipment
In this research, it was tried to concentrate on influences of crude oil contamination on shear wave velocity of a standard type of silica sand (Ottawa sand). To this aim, a digitally controlled triaxial testing apparatus made by STRASSENTEST OHG Company (Germany) was utilized as a host device and equipped by two bender elements (BE). These elements were assembled in an additional passive triaxial cell provided by Soil Mechanics Industry of Iran (SMI). Moreover, the configuration of bender elements in the additional cell were bottom-fixed/topfree (Fig. 3) , and dimensions of each bender element were 22.15 mm in width, 3.80 mm in thickness, and 10.90 mm in protruding depth. As a part of bender element system, a dual-channel arbitrary waveform generator (AG 1022F made by Owan product line, Fujian Lilliput Optoelectronics Technology Co., Ltd., China) was used as a wave generator, and also a digital double-channel storage oscilloscope (GDS-1052-U made by GW Instek, Good Will Instrument Co., Ltd., Taiwan) was employed to accurately record transmitted and received signals. In this study, sinusoidal waveforms with frequency range of 2-20 kHz and amplitude of 22 mV were created by the wave generator device. In experimental tests, the delay times caused by wiring connections between devices were exactly measured under the circumstances of direct tip-to-tip contacted bender elements (Fig. 4) , and were scrupulously considered in velocity calculations. The triaxial testing apparatus had a digitally controlled water constant pressure system providing isotropic confining pressures up to 2000 ± 1 kPa. It is worth noting that, during all experiments and at the end of all steps of applying confining pressure, the vertical displacements of samples were precisely recorded by a linear variable displacement transducer (LVDT) (STRASSENTEST OHG, Germany), and took into consideration in order to accurately calculate tip-to-tip distance between elements as the confirmed shear wave travel distance in the bender element systems (Dyvik and Madshus 1986; Gu et al. 2013; Jovičić et al. 1996; Lee and Santamarina 2005; Viggiani and Atkinson 1995; Yamashita et al. 2009 ).
In order to appropriately tackle unwanted electromagnetic induction throughout all testing devices including triaxial testing apparatus, wave generator, oscilloscope, bender-equipped passive triaxial cell, etc., a systematic earth loop with an extensive wiring configuration was used in this study. Furthermore, graphical software was provided by Soil Mechanics Industry of Iran in order to enable users to accurately record transmitted and received signals in more details.
Resonant Column Test
In order to validate results of bender element tests and to select the best methods of determining shear wave travel time in BE tests, a serious of resonant column (RC) test on clean Ottawa sand specimens (under identical conditions with the BE tests) was offered to International Institute of Earthquake Engineering and Seismology of Iran (IIEES) in order to separately conduct some RC tests under completely similar circumstances by use of their resonant column apparatus (made by Seiken, Inc., Japan). The used RC instrument had the capability to provide confining pressure up to 1000 ± 1 kPa and frequency range of 10-300 kHz.
Sample Preparation and Test Procedure
This section aims at describing all experimental procedure of preparing clean and crude oil contaminated Ottawa sand samples. In this regard, all Ottawa sand specimens were firstly oven-dried for approximately 48 h so as to completely remove any existing amount of moisture in the sand. After passing almost 2 days, all oven-dried sand samples were brought out from the oven, and instantly left in the insulated containers so as to cool down to the lab condition. Thereafter, an electrically powered soil stirring device was used to thoroughly mix the cooled specimens with the considered amounts of crude oil (4, 6, 8, 10, 12 wt% of ovendried Ottawa sand) and to appropriately provide uniform crude oil contaminated sand. This range of contamination was chosen based on influential amounts of crude oil contamination cited in the previously mentioned relevant literature. After preparation of contaminated sand samples, the specimens were kept in the sealed plastic containers under normal circumstances for almost 72 h to approach an adequate and acceptable state of homogeneity. To prepare cylindrical BE test specimens, a two-way split aluminum sampling mold with internal diameter of 105 mm (F03586, STRASSENTEST OHG, Germany) equipped with a rubber membrane was used. In this research, in order to prepare identical clean and contaminated sand samples, dry and quasi-moist tamping method were utilized, respectively. In this regard, both methods aimed at providing 5-layer cylindrical sand samples (101-102 mm in diameter) with an identical void ratio. In the case of clean sand sample, an adequate amount (according to the considered void ratio) of cooled ovendried Ottawa sand was poured into the sampling mold by use of a plastic funnel (nozzle diameter of 7.0 mm) with no falling gap. After the first layer was primarily become full of the sand, the layer surface was concurrently compacted by a 650-gr aluminum pounder (diameter of 85 mm) and minutely leveled with an absolute digimatic caliper (Mitutoyo, Japan) to obtain the desired void ratio in the first layer. Thereafter, the procedure of preparing the first layer was repeated for subsequent layers with some differences in compactive efforts (Cai et al. 2015) . It is worth mentioning that after reaching an acceptable level of compactness in each layer, layer surface was properly roughened by a mild flat brush to create an adequate interfacial roughness between the layers. Regarding contaminated specimens, 3-day aged crude oil contaminated Ottawa sands (with oil content of 4, 6, 8, 10, and 12 wt%) were brought out from the sealed containers, and used for quasi-moist tamping method. In this regard, the steps of sample preparation were generally similar to those of dry tamping method with a few changes in compactive efforts and sample height to reach the same void ratio. Afterwards, the topfree bender element was appropriately assembled with a properly o-ringed head (and bottom), and then a suction of almost 30 kPa was provided by use of a lab scale vacuum pump (Platinum series, JB Industry, USA) to sustain the sample in the vertical direction. It should be mentioned here that, according to primary calibration tests, an appropriate assemblage of top-free bender element was provided so that similar initial polarization in the recorded wave signal was obtained in all tests. After releasing two-way split aluminum sampling mold, the perspex cell was carefully placed and tightly connected to the base pedestal to provide well-fitting condition for applying water constant pressure. To add to that, in all experiments, a tight pneumatic configuration was used to continuously/invariantly produce the considered amounts of isotropic confining pressure (50-500 kPa). More importantly, during the first step of confinement, the suction of 30 kPa was gradually eliminated with increasing confining pressure to 30 kPa in order to protect the fresh sample from being shocked. In the testing procedure, specimens were isotropically confined up to 500 kPa through 10 steps so that in each step a confining pressure of 50 kPa was added to the previous one. After each step, the vertical displacement of sample was accurately recorded using LVDT, and used in the calculation of tip-to-tip distance between the elements. It is worth noting that, in this experimental study, the vertical displacement was recorded as the only index assessing volume change in the sand.
Results and Discussion
Determination of Shear Wave Travel Time
According to the relevant literature, it is usually assumed in bender element tests that the velocity of shear wave (V s ) can be calculated as a ratio of L/T in which L and T are travel distance and travel time of shear wave, respectively (Dyvik and Madshus 1986; Viggiani and Atkinson 1995) . Moreover, it should be stated that determination of soil shear wave velocity in small and very small strain conditions is significant due to this fact that soil maximum shear modulus (G max or G 0 ) can be calculated using V s via G max ¼ qV 2 s (where q is the density of soil) (Viggiani and Atkinson 1995) . As a generally accepted assumption (Yamashita et al. 2009 ), shear wave travel distance in bender element tests has been assumed to be identical to the closest tip-to-tip distance between two elements. Accordingly, in this research, any alteration in the distance between the elements which might be caused by volume change due to confining pressure was exactly/incessantly measured and recorded in the end of each step of confinement. However, an accurate determination of shear wave travel time (T) in a bender element test has always been a challenging issue due to the intrinsic uncertainty and subjectivity of bender element system (Cai et al. 2015; Gu et al. 2013; Kumar and Madhusudhan 2010; Murillo et al. 2011; Viggiani and Atkinson 1995; Yamashita et al. 2009 ). As more detailed explanation, a transmitted shear wave in a bender element test is usually accompanied by a boundary-induced compression wave so that a combination of these both waves in the receiver element may make a complex situation in determining precise shear wave travel time. This issue was named as near-field-effect (NFE) in the literature (Arroyo et al. 2006; Brignoli et al. 1996) . The neareffect phenomenon has been greatly observed in soil with small amount of moisture due to minor difference between shear and compression wave velocity in soil under dry condition (Yamashita et al. 2009 ). In general, the arrival time of shear wave can be concealed by the NFE due to this fact that shear wave velocity (V s ) might be close to the velocity of boundary-induced compression wave (V p ). Moreover, it should be mentioned here that the near-field-effect is generally a dispersive phenomenon (frequency-dependent event), and it can be anticipated that the influences of NFE can be altered by changing frequency (Yamashita et al. 2009 ). Heretofore, several research studies have been profoundly concentrated on bender element tests in order to characterize origins and effects of NFE (Arroyo et al. 2006; Arulnathan et al. 1998; Brignoli et al. 1996; Jovičić et al. 1996; Lee and Santamarina 2005; Leong et al. 2009; Presti et al. 1997; Sanchez-Salinero 1987; Viggiani and Atkinson 1995) . In this regard, it has been tried to propose practical guidelines and suggestions so as to lessen influences of NFE on the recorded results of bender element tests. For this purpose, a rule suggested by Jovicic et al. and thereafter confirmed by Brignoli et al. and Lo Presti et al. described that the shape of received wave signal in a bender element test can be controlled by a ratio of the length (L) travelled by the wave with the effective wavelength (k) and frequency (f) ðR d ¼ L/kÞ (Brignoli et al. 1996; Jovičić et al. 1996; Presti et al. 1997) . Precisely speaking, these researchers stated that the NFE has been prominently determined for the amounts of R d which were between 0.25 and 4, especially close to 1.0. However, for higher values of R d (R d ! 4:0), the influences of near-field phenomenon were greatly alleviated, and the researchers were perfectly able to determine an accurate shear wave travel time. Meanwhile, it should be also stated that Sanchez-Salinero (1987) proposed that the amount of R d should be identical to 2.0 in order to control the NFE. In line with Jovicic et al. Brignoli et al. and Lo Presti et al. Arroyo in 2006 suggested that R d should be higher than 1.60 in order to reduce the NFE (Arroyo et al. 2006 ). In addition, to weaken the effects of near effects, Leong et al. (Leong et al. 2009 ) also suggested that it would be better to design the configuration of bender element tests with the amount of R d greater than 3.33. All in all, it is worth mentioning here that R d may be affected by both excitation frequency and materials properties, and the seriousness of the perceived NFE can be different in various research studies.
The transmitted shear wave signals and the corresponding received ones for a bender element test on clean oven-dried Ottawa sand with r 3 = 300 kPa and e 0 = 0.715 under various frequencies (4-20 kHz) have been provided in Fig. 5 . For this purpose, a clean bender element specimen was prepared using dry tamping method as previously described, and experimented under confining pressure of 300 kPa as the middle of the considered confinement range in this study (50-500 kPa). Additionally, excitation frequency of 4, 6, 8, 10, 12, 14, 16, 18 , and 20 kHz was selected in order to evaluate the influences of frequency on the BE results of clean oven-dried Ottawa sand, and also to find the frequency/frequencies at which the most accurate shear wave travel time could be determined. As it can be clearly seen in Fig. 5 , the first arrivals for the received signals almost placed in similar positions particularly for frequencies higher than 10 kHz; however, the first arrival times in lower frequencies (B8 kHz) were obviously different. Furthermore, it should be said here that the presence of NFE in received signals were gradually weakened by increasing frequency which was in accordance with the relevant literature (Yamashita et al. 2009 ). Moreover, to validate the results of bender element tests on clean oven-dried Ottawa sand and to confirm sample preparation/element configuration in this study, a resonant column test was conducted on a specimen of ovendried Ottawa sand with identical void ratio (e 0 = 0.715). The shear wave travel time measured by resonant column test for clean oven-dried Ottawa sand with r 3 = 300 kPa and e 0 = 0.715 has been also shown in Fig. 5 as a dotted line (T Resonant column test = 0.697 ms). It can be inferred from Fig. 5 that for higher frequencies (C10 kHz) there were an acceptable level of agreement between travel times determined by bender element and resonant column tests.
Having the comparable results obtained by a resonant column test on clean oven-dried Ottawa sand, it is logical at this step to concentrate on the methods determining shear wave travel time in bender element tests with the aim of selecting the most accurate methods for further investigations in this study. Generally speaking, in the relevant literature, several methods were proposed to find shear wave travel time which can be totally grouped as temporal, mathematical, and frequency methods. Temporal methods are based on user's capability to appropriately make particular marks (peaks and first arrivals) on signals of transmitted and received waves and to precisely calculate various shear wave travel times such as start-to-start (T ss ) and peak-to-peak (T pp ). Due to different travel times measured by temporal methods, an alternative mathematical method (crosscorrelation function) has been also proposed. This method was firstly developed by Viggiani and Atkinson in 1995 (Mancuso et al. 1989; Viggiani and Atkinson 1995) . Based on the experimental study conducted by Viggiani and Atkinson and confirmed by the subsequent relevant research studies (Arulnathan et al. 1998; Jovičić et al. 1996; Kawaguchi et al. 2001; Kumar and Madhusudhan 2010; Lee and Santamarina 2005; Leong et al. 2009; Murillo et al. 2011) , the time corresponding to maximum of cross-correlation function (T cc ) which must be applied to transmitted and received wave signals may be correct shear wave travel time. In Fig. 6 , transmitted shear wave and its received signals as well as the curve of cross-correlation function have been provided for clean oven-dried Ottawa sand under r 3 = 50 kPa and at frequency of 50 kHz as a simple example. To determine shear wave travel time based on temporal methods, particular points on both transmitted and received signals were distinguished including A and B on input shear wave, C on crosscorrelation curve, and D, E, F, and G on output wave. According to these markers, several start-to-start travel times such as T AD , T AE , T AF , and T AG , one peak-to-peak travel time (T BG ) as well as T cc based on the peak of cross-correlation function can be introduced. Precisely speaking, all of start-to-start travel times (T AD , T AE , and T AF ) can be a possible shear wave travel time; however, due to results of resonant column tests the points of D and E which may be influenced by the NFE cannot be selected as an accurate shear wave travel time. Therefore, hereafter T AF , T BG , and T cc should be considered to find the best and most accurate shear wave travel time in BE tests. In this regard, shear wave travel time measured by temporal methods [start-to-start (SS) and peak-to-peak (PP)] and mathematical method (CC) were illustrated in Fig. 7 for oven-dried Ottawa sand (e 0 = 0.715) under different confining pressure (100, 200, 300, 400, and 500 kPa) and various excitation frequencies (2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 kHz) . It can be clearly seen that, for frequencies higher than 8 kHz, an agreement can be found among shear wave travel time measured by temporal and mathematical method. However, the data of waves travelled by a frequency of 2 and 4 kHz are almost different from the others, and they cannot be considered for further investigation in this research. In addition, shear wave travel time obtained by RC test under confining pressure of 100, 300, and 500 kPa have been also shown in Fig. 7 , and it can be seen that the agreement between the BE and RC results is approximately available for frequencies higher than 10 kHz. However, for the most part, shear wave travel time measured by BE system were slightly lower than those determined by RC device. Additionally, in a more precise way, shear wave travel time determined by BE tests on clean oven-dried Ottawa sand with void ratio of 0.715 have been depicted in Fig. 8 under different confining pressure (100-500 kPa) and excitation frequencies (2-20 kHz). As it was previously pointed, the agreement between temporal and mathematical method as well as resonant column test was also observable in Fig. 8 for higher frequencies, especially for frequencies greater than 10 kHz (marked as consistency range). In addition, all frequencies within the proposed consistency range (Fig. 8) can meet the suggested critical value for R d (Arroyo et al. 2006; Brignoli et al. 1996; Jovičić et al. 1996; Leong et al. 2009; Presti et al. 1997; SanchezSalinero 1987) . As an overall analysis and due to the appropriate agreement among start-to-start, crosscorrelation, and RC travel times, start-to-start and cross-correlation travel time were used for determining shear wave travel time hereafter in this study.
Microstructure of Crude Oil Contaminated
Ottawa Sand
In Figs. 9 and 10, it was tried to precisely consider influences of crude oil contamination on surface roughness of sand grains and also on interlocking circumstances among sand particles by comparing SEM images of both clean and contaminated Ottawa sand with 4, 8, and 12 wt% of crude oil content as an example captured by a scanning electron microscopy apparatus (KYKY-EM3200, China). As it can be apparently observed in Fig. 9a , b, uniformly adding 4 wt% of crude oil into the clean Ottawa sand made clear-cut changes on both surface roughness and interlocking of sand particles so that a significant part of space between particles (surrounding contact areas) was filled by hydrocarbon compounds so that this positioning may be an influential factor increasing cohesion among sand particles. On the other hand, although the presence of 4 wt% of crude oil onto sand particle surface is obvious in Fig. 9b , its amount seems not to be effective enough to lessen the surface roughness of grains, so both cohesion and friction can be probable among sand particles. Having increased amount of crude oil contamination up to 8 and 12 wt% which can be respectively seen in Fig. 9c, d , the space among particles are almost filled completely by hydrocarbon compounds, and additionally the surface roughness is almost smeared by a layer of crude oil. Generally speaking, obvious differences which are observed in interlocking and roughness of contaminated sand particles with varied amounts of contamination may be led to various macroscale responses of oil contaminated sand specimens to wave propagation phenomenon so that 4 wt% contaminated sample seems to have a far more connected structure rather than both clean and other contaminated specimens (8 and 12 wt%). These explained observation can be also investigated by use of SEM images with magnification of 2509 provided in Fig. 10 .
Shear Wave Velocity in Crude Oil Contaminated Ottawa Sand
This section is aimed at examining influences of light crude oil contamination on shear wave velocity of Ottawa sand. In this regard, shear wave velocity of clean and crude oil contaminated Ottawa sand with crude oil content of 4, 6, 8, 10, and 12 wt% have been presented in Fig. 11 . For this purpose, a series of bender element tests has been conducted under confining pressure of 100, 200, 300, 400, and 500 kPa and at frequency of 10 kHz as an amount within the proposed consistency range. According to the results, it can be stated that increasing the level of confinement prominently increased shear wave velocity in both clean and crude oil contaminated samples. This trend is a well-known observation in findings of bender element tests conducted on clean sandy soils (Cai et al. 2015; Dyvik and Madshus 1986; Leong et al. 2009; Yamashita et al. 2009 ). To add to that, according to research findings in the present paper, increasing confining pressure can grow shear wave velocity of hydrocarbon-contaminated sand so that the tendency of alterations was almost similar for all percentages of crude oil contamination. Moreover, the serious of confinement-induced changes in shear wave velocity of contaminated sand is slightly diminished as confining pressure increased, and this process was approximately seen in clean specimens (Fig. 11 ). These observations can be associated with this fact that in lower amounts of confinement it can be possible for sand particles to move into soil pores forming a much more compacted skeleton; however, in higher confining pressure this possibility is gradually going to be weakened. Precisely speaking, it can be imaginable at the first glance in hydrocarbon-contaminated sands that influences of hydrocarbon compounds on confining-induced changes in shear wave velocity is higher in comparison with clean sand as result of lubricant effects of contaminant in inter-particles situations, but distinguishable differences were not observed in how clean and contaminated specimens reacted to increasing confining pressure (Fig. 11) . The authors believed that hydrocarbon-induced cohesion among sand particles may be responsible to control lubricant effects of hydrocarbon contaminants in sand skeleton such that resultant response was approximately similar to clean sand samples in terms of hydrocarbon contamination. More importantly, it should be mentioned that 4 wt% contaminated specimens presented the highest velocities among all samples, and surprisingly there were not significant differences between wave velocities of all 6, 8, 10, and 12 wt% contaminated specimens. In addition, under each confining pressure, shear wave velocity of clean Ottawa sand was greater than that of all 6, 8, 10, and 12 wt% contaminated Ottawa sand samples. In general, these observations can be associated with the microstructure investigations into crude oil contaminated Ottawa sand. Based on SEM observation, it is probable that addition of crude oil contamination into sand structure up to 4 wt% may trigger positive influences on cohesive and frictional behavior of Ottawa sand, thereby forming a more connected structure within the sand skeleton to facilitate shear waves to propagate into sand skeleton. However, adding more contaminants into sand samples (6-12 wt%) seems not to be as effective as the lower amount of contaminant (4 wt%) so that there were not considerable changes in shear wave velocity of contaminated samples with higher amount of contamination (6-12 wt%), and additionally these samples showed shear wave velocities which were slightly lower than clean sand samples under all confining pressures. It should be mentioned here that these observations may be related to the opposite effects of adding more contamination (C4 wt%) in sand skeleton causing an increase in inter-particle cohesion and a decrease in inter-particle friction which could result in approximately unchanged trend. With a precise look at microstructure characteristics of contaminated sand in Figs. 9 and 10, the authors believe that, in the case of 4 wt% contaminated Ottawa sand, both roughness and hydrocarbon-induced cohesion among sand particles were dominant in inter-particle relationships to form better contacts among sand particles and to provide appropriate wave paths for shear wave signals to propagate into 4 wt% contaminated sand sample. However, adding more crude oil into sand (6-12 wt%) could cause significant negative effects on contacts among sand particles so that a majority of space among grain was filled with hydrocarbon compounds to some extend that there was a complex situation for shear wave signals to transmit through sand particles coated with a thick hydrocarbon layer. As a further point to be considered in the results, it should be mentioned that adding light crude oil contamination into sand structure could gradually increase shear wave velocity up to 4 wt% in which the highest value of shear wave velocity was recorded. It seems that 4 wt% of crude oil can be defined as a critical value in this research so that passing this value could cause negative effects on shear wave velocity. In addition, adding crude oil, from 4 to 6 wt%, could cause significant influences on inter-particle situations of sand skeleton such that shear wave velocity of 6 wt% contaminated sand were lower than that of clean sand under all confinement levels. In other words, significant changes were made in inter-particle circumstances of contaminated Ottawa sand when the content of light crude oil increased from 4 to 6 wt%, and beyond this range there was no noticeable alteration to be mentioned.
Precisely speaking, the effects of increasing crude oil contamination on shear wave velocities of Ottawa sand have been also illustrated in Fig. 12 under various confining pressure at frequency of 10 kHz. According to data provided, increasing crude oil content up to 4 wt% in clean sample could substantially increase shear wave velocity about 1.16 times for r 3 = 500 kPa and 1.2 times for r 3 = 100 kPa. It can be said that, under higher confining pressures, the influences of contamination on shear wave velocity might be slightly weakened, especially for higher amounts of contaminants such as 8, 10, 12 wt% (see also Fig. 11 ). However, increasing this type of hydrocarbon contamination from 4 to 6 wt% made an apparent reduction in the value of shear wave velocity so that, almost under all confining pressures, shear wave velocity of 6 wt% contaminated Ottawa sand was about 0.80 s-4 wt% contaminated sand . On other hand, shear wave velocity of 6 wt% contaminated Ottawa sand was slightly lower than that of the clean sand (0.95-0.97 V s-clean Ottawa sand ). It should be added here that adding farther amounts of crude oil (C6 wt%) did not make significant changes in shear wave velocity. 
Conclusion
This study was aimed at experimentally examining influences of light crude oil contamination on shear wave velocity of Ottawa sand using a bender element system. In this connection, all clean and contaminated sand specimens were similarly prepared using dry and quasi-tamping method, respectively. In order to distinguish the most accurate methods of determining shear wave travel time in BE tests, both bender element and resonant column test were separately conducted on clean oven-dried Ottawa sand with identical specifications. In this regard, each BE test was conducted at several excitation frequencies (2-20 kHz) and under different confining pressures (50-500 kPa). In this research, light crude oil was considered as hydrocarbon contamination, and ovendried Ottawa sand were thoroughly mixed with 4, 6, 8, 10, and 12 wt% of crude oil to prepare contaminated samples. To sum up, the main conclusions of this study have been outlined as follows:
1. Based on the results of bender element and resonant column tests which were conducted on similarly prepared specimens of oven-dried clean Ottawa sand (with an identical void ratio), it was concluded in this research that peak-to-peak, startto-start, and cross-correlation methods were the most accurate and reliable techniques determining shear wave travel time. 2. The shear wave travel time measured by bender element system for clean dry Ottawa sand have been greatly influenced by lower excitation frequencies (B8 kHz), and the effectiveness of frequency on travel time were significantly alleviated at higher frequencies (consistency range). Thus, in this study, it was deduced that bender element test should be conducted in higher frequencies (10-20 kHz) as a consistency range. 3. According to BE results of crude oil contaminated sand, it can be inferred that there was a critical content of crude oil (4 wt% in this research) so that the highest value of shear wave velocity was available at this particular content. Moreover, increasing crude oil content in sand up to this critical value grew shear wave velocity, and adding further oil caused significant negative effects on shear wave velocity. In this regard, it should be mentioned that adding further crude oil up to 6 wt% made a considerable change, and shear wave velocity of 6 wt% contaminated Ottawa sand was about 0.80 V s-4 wt% contaminated sand and 0.95-0.97V s-clean Ottawa sand . In general, there were not obvious changes in amounts of shear wave velocity of Ottawa sand samples with crude oil contamination higher than 6 wt% (6-12 wt%). 4. It was tried in this study to carefully execute all steps of research and to effectively alleviate sources of uncertainties; however, a few conditions were out of complete researchers' control such as system delay. In order to fairly consider the system delay, the delay time have been measured by direct contact of the bender elements at different frequencies and considered in the calculations. Moreover, hydrocarbon-induced changes in shear wave velocity of natural sand can be proposed for the future studies, and also it would be beneficial to use other kinds of hydrocarbon compounds as contaminants.
